ABSTRACT Background: Transmission of obesity across generations is of concern. Offspring of obese women have short-and long-term increased morbidities. A high intake of carbohydrate during pregnancy combined with impaired glucose tolerance is postulated to result in high birth weight, which is linked to subsequent metabolic disease. Objective: The objective was to examine the association between carbohydrate intake in obese pregnant women and their offspring's body composition. Design: Secondary analyses were performed in an observational setting of 222 pregnant women with a pregestational BMI (in kg/m 2 ) $30 participating in a randomized controlled trial. Diet was assessed at gestational weeks 11-14 and 36-37 by using a semiquantitative food-frequency questionnaire. Body composition in the offspring was assessed at birth by dual-energy X-ray absorptiometry. Relative fat mass (%) was the primary outcome. Absolute measures (total fat, abdominal fat, and lean body mass) were secondary outcomes. Results: Mean 6 SD weight and absolute and relative fat mass in the offspring at birth were 3769 6 542 g, 436 6 214 g, and 11% 6 4%, respectively. Maternal intake of digestible carbohydrates was associated with the offspring's relative fat mass in late (P-trend = 0.006) but not early (P-trend = 0.15) pregnancy. A comparison of mothers in the highest (median: 238 g/d) compared with the lowest (median: 188 g/d) quartile of digestible carbohydrate intake showed a mean adjusted higher value in the offspring's relative fat mass of 2.1% (95% CI: 0.6%, 3.7%), which corresponded in absolute terms to a 103-g (95% CI: 27, 179-g) higher fat mass. Abdominal fat mass was also higher. In a strata of women with well-controlled glucose (2-h glucose values #6.6 mmol/L), no association between carbohydrate intake and offspring fat mass was observed, but the associations became significant and increased in strength with higher intolerance (strata with 2-h glucose values between 6.7-7.7 and $7.8 mmol/L). Conclusion: In obese women, even those without gestational diabetes but with impaired glucose tolerance, a lower carbohydrate intake at moderate levels in late gestation is associated with a lower fat mass in their offspring at birth. The TOP study was registered at clinicaltrials.gov as NCT01345149.
INTRODUCTION
Transmission of obesity across generations is a concern. Maternal obesity is associated with an increased risk of pregnancy complications, macrosomia (1, 2) , subsequent childhood obesity, and long-term implications for the offspring (3) (4) (5) . As hypothesized by Pedersen (6) in 1952 and later confirmed in the Hyperglycemia and Adverse Pregnancy Outcome (HAPO) 7 Study (7), intrauterine growth and neonatal fat mass are closely related to maternal plasma glucose concentrations. During pregnancy, hyperglycemia can be modified by pharmacotherapy and dietary counseling, which reduce the risk of pregnancy complications, including excessive birth weight (8) .
On the basis of the results of the HAPO study, revised criteria for the diagnosis of gestational diabetes mellitus (GDM) were proposed by the International Association of Diabetes and Pregnancy Study Groups (9) in 2010. According to these criteria, the diagnosis of GDM is made when any single threshold value from a 75-g 2-h oral-glucose-tolerance test (OGTT) is met or exceeded (fasting glucose: 5.1 mmol/L; 1-h glucose: 10.0 mmol/L; 2-h glucose: 8.5 mmol/L). Because of considerations regarding the cost-benefit of increasing the frequency of diagnosing and treating GDM, implementation of these criteria is still being debated. However, obese women without GDM still appear to have an increased risk of giving birth to high-birth-weight infants (10) . For these women, improvement in diet quality is a reasonable recommendation (10) .
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consumed. Therefore, a reduction in carbohydrate intake or an improvement in carbohydrate quality in terms of glycemic response may reduce the risk of fetal overgrowth among women with decreased glucose tolerance. The results of dietary intervention studies addressing this question have, however, differed (11) (12) (13) (14) , which may reflect problems with compliance and failure to achieve sufficient contrast between intervention groups. Studies with an observational approach are a relevant alternative because they often provide greater contrast in exposure. We therefore performed a secondary analysis of data from 222 obese women participating in a randomized controlled trial (15) and examined the association of maternal carbohydrate intake in early and late gestation with body composition in offspring at birth assessed by dual-energy X-ray absorptiometry (DXA). We hypothesized that both the quantity and quality of maternal carbohydrate intake would predict the offspring's body composition at birth and that the strength of the effect would be related to maternal glucose tolerance.
METHODS

The Treatment of Obese Pregnant Women study
The original Treatment of Obese Pregnant Women (TOP) study (15) was an intervention conducted at Hvidovre Hospital, Copenhagen University, from April 2009 to March 2012. Implementation and results of the intervention were described in detail elsewhere (15) . In brief, 425 obese women [prepregnancy BMI (in kg/m 2 ) $30] aged $18 y with singleton pregnancies and no disease-limiting physical activity were recruited at gestational weeks 11-14. Candidates were invited to an initial consultation with a dietitian, because this was part of the standard procedure in the department. If they accepted participation in the study, they were randomly assigned 1:1:1 to the physical activity intervention + dietary intervention group, physical activity intervention only group, or control group.
The dietary intervention consisted of encouraging adherence to a hypocaloric Mediterranean-style diet (120021700 kcal) in line with the official Danish nutrition recommendations (16) . The dietary intervention emphasized replacement of SFAs with MUFAs and PUFAs and frequent intake of fish, whole grains, fruit, and vegetables. The physical activity intervention consisted of encouragement to reach a level of 11,000 steps/d monitored by a pedometer.
The primary endpoint of the intervention was gestational weight gain, which was significantly lower in the physical activity intervention only (median: 9.4 kg; range: 23.4 to 28.2 kg; P = 0.01) and physical activity intervention + dietary intervention (median: 8.6 kg; range: 29.6 to 34.1 kg; P = 0.042) groups than in the control group (median: 10.9 kg; range: 24.4 to 28.7 kg) (15) . The intervention had no significant effect on offspring weight or body composition as assessed by DXA after delivery (17) .
Participants included in the current study Inclusion and attrition rates in the current study are presented in Figure 1 . Of the 425 participants included in the TOP study, 36 did not complete the study and 99 had already given birth when DXA scanning was added as an outcome measure in December 2010. Of the 290 remaining participants, only infants born at term (.258 d of gestation) and not requiring admission to a neonatal intensive care unit or suffering from congenital diseases or malformations were included, which left 248 offspring eligible for scanning. For 17 of these offspring, the DXA scan was missing as a result of technical reasons or did not fulfill the quality criteria for DXA scanning as defined by Cooke and Griffin (18) , and 9 participants had missing information on maternal diet. As a result, a total of 222 participants were available for analyses, who either filled out the food-frequency questionnaire (FFQ) at baseline (weeks 11-14; n = 219) or at the endpoint (weeks 36-37; n = 212).
The study was conducted according to the guidelines of the Declaration of Helsinki and was approved by the Ethics Committee for the Capital Region of Denmark (no. H-D-2008-119). Written informed consent was obtained from all participating pregnant women and from both parents before the infants were included.
Maternal lifestyle and diet
Information on sociodemographic factors, lifestyle, and health was collected with questionnaires at baseline. Information on dietary intake was recorded at both baseline (weeks [11] [12] [13] [14] and the endpoint (weeks 36-37). Diet was assessed by using a selfadministered 360-item FFQ covering intakes during the previous 4 wk (19) . The FFQ was validated for pregnant women by using a 7-d weighted food record (20) and biomarkers of protein, n23 fatty acid, retinol, and folic acid intakes (21) . Nutrient intake was quantified with a national food-composition database (http://www. foodcomp.dk) by using standard recipes and portion sizes. All dietary variables included in our analyses were energy adjusted by using the residual method (22) Outcome assessment
Offspring body composition (total fat, fat-free mass, and abdominal fat mass; in g) was assessed by using DXA scanning (Hologic 4500) within 48 h of birth. The quality procedures were the same as those described by Cooke and Griffin (18) . The total X-ray dose used (10.5 mSv) corresponded to 1 or 2 d of background radiation. To estimate abdominal fat mass, 2 regions were defined: 1) the region between the thoracic diaphragm and both upper iliac crests and 2) the region that was limited laterally by the upper iliac crests and caudally by the femoral heads. Total abdominal fat was assessed as the sum of the fat in these 2 regions. To assess the variability in our scanning procedures, duplicate scans were performed for 58 infants. In this set of infants, the test-retest variabilities for DXA-derived fat and fatfree mass were 11.8% and 7.1%, respectively (23) .Covariate adjustment To examine the associations between maternal diet and the offspring's anthropometric measures, we selected, a priori, and included as covariates in our adjusted models maternal age (continuous), physical activity intervention (binary variable), physical activity and diet intervention (binary variable), prepregnancy BMI (continuous), parity (0, 1, or $2), gestational weight gain (continuous; missing in 1 subject), gestational age (continuous; in d), smoking during pregnancy (0 or 1; missing in 9 subjects), 2-h OGTT plasma glucose value measured at approximately gestational week 29 (continuous; missing in 9 subjects), energy intake (continuous), offspring sex (binary variable), and age at time of DXA measurement (continuous; missing in 7 subjects).
Gestational weight gain was included as a covariate because it is related to a high carbohydrate intake and is a strong predictor of offspring adiposity (24) . The same argument led to inclusion of the OGTT. Finally, total energy intake was included because we wanted to explore the association between total intake of carbohydrates when carbohydrates were substituted in isocaloric amounts with either protein or fat.
Of the 222 subjects included in our study, complete covariate information was available for 200 subjects. Multiple imputations were used for missing values as implemented in PROC MI in SAS, version 9.2 (SAS Institute).
Statistical analyses
Means and SDs were used for describing continuous variables, whereas medians and IQRs were used for skewed variables. A t test was used to compare means between 2 groups, and a chisquare test was used to compare frequency distributions between groups. Associations between maternal diet and anthropometric measures in the offspring were examined in both univariate and multivariate linear regression analyses to assess the influence of covariate adjustment. Visual inspection with help of QQ plots were performed to verify that model residuals were normally distributed.
In our primary analyses, associations between digestible carbohydrates and anthropometric measures in the offspring were examined. Associations for glycemic index (GI) and glycemic load (GL), which reflect the quality and amount of carbohydrates, were then explored in a secondary analysis. To avoid assumptions of linearity, intake variables were divided into quartiles, and the mean change in the outcome measure was estimated in comparison with the lowest quartile. Tests for linear trend were conducted by using the median values in each quartile entered as a continuous variable.
Potential effect modifications due to maternal glucose metabolism were examined by using stratification by 2-h OGTT glucose concentrations at gestational week 29. These stratifications were based on women below the median value (#6.6 mmol/L), women with concentrations of 6.7 to 7.7 mmol/L, and women with elevated concentrations ($7.8 mmol/L). A 2-h OGTT glucose concentration of $7.8 mmol/L has been used in nonpregnant populations to define impaired glucose tolerance (25) . A formal test for interactions was performed by including the carbohydrate and OGTT variables (all continuous) and the interaction term in the regression model and adjusting for covariates. The statistical package SAS, version 9.2, was used in all analyses.
RESULTS
Mean 6 SD maternal age ( Table 1) at recruitment was 31 6 4 y, and the mean prepregnancy BMI was 32.6. The median 2-h glucose value at approximately gestational week 17 was 6.8 mmol/L, and 16.4% of participants had values $7.8 mmol/L. At week 29, the 2-h glucose value had decreased slightly but significantly (P , 0.05) to 6.5 mmol/L. The Spearman correlation between the second and third trimester 2-h glucose value was 0.47 (P , 0.0001). The mean 6 SD intake of digestible carbohydrates was 214 6 28 g/d in early gestation (weeks [11] [12] [13] [14] and was 210 6 24 g/d in late gestation (weeks 36-37). Despite the similarity of mean intakes at the 2 assessments, their correlation was only moderate (Spearman r: 0.41, P , 0.0001). The mean 6 SD weight of the offspring, as assessed by DXA 24 h after delivery, was 3769 6 542 g, and fat mass was 436 6 214 g, or 11 6 4% of body weight.
The offspring's relative fat mass 24 h after birth ( Table 2) was not significantly associated (P-trend = 0.15) with maternal intake of digestible carbohydrates in early pregnancy. However, in late gestation, maternal intake of carbohydrates was relatively strongly associated with the offspring's relative fat mass; the adjusted mean difference was 2.1% (95% CI: 0.6%, 3.7%) when the offspring of mothers with an intake in the lowest quartile (median: 188 g/d) was compared with the offspring of mothers with an intake in the highest quartile (median: 238 g/d; P-trend = 0.006). Compared with the unadjusted estimates presented in Table 2 , adjustment for covariates had minimal influence on the effect estimates in these analyses. Additional stability analyses also showed that adjustment for the intervention groups that the women were assigned to did not influence our effect estimates.
The associations between digestible carbohydrates and quality of carbohydrates in terms of GI and GL and the offspring's body composition at weeks 36-37 are presented in Table 3 . All 3 measures of carbohydrate were associated with the offspring's fat mass. The offspring of mothers in the lowest compared with the highest quartile of digestible carbohydrates had a 103-g (95% CI: 27, 180-g) higher total fat mass and 11-g (95% CI: 0.3, 22-g) higher abdominal fat mass.
Although significant associations were observed for GI and GL but not for digestible carbohydrates, with respect to lean mass and total weight, the CIs for the effect estimates were wide and overlapping. Examination of the difference for these association more formally showed that the regression coefficients for GI and GL in Table 3 were not significantly different from those observed for digestible carbohydrates (P . 0.05 in all cases).
Maternal 2-h glucose concentration measured during or near gestational week 29 affected the association between the maternal intake of digestible carbohydrates at weeks 36-37 and the offspring's relative fat mass (P-interaction = 0.01). Figure 2 shows the overall association between maternal intakes of digestible carbohydrates modeled as a continuous variable (left side of the figure). In the figure, the slope (b) and 95% CI are plotted. The right side of the figure shows that for those women who had 2-h glucose values equal to or below the median (6.6 mmol/L), no association with the offspring's relative fat mass was observed. However, a significant association was observed for women with 2-h glucose values between 6.7 and 7.7 mmol/L, Median; 10th-90th percentiles in parentheses (all such values). 4 Defined as OGTT at 120 min $7.8 mmol/L. 5 Significant (P , 0.05) decrease in OGTT values (Wilcoxon's ranksum test) and hyperglycemia (chi-square test) between the second and third trimesters.
TABLE 2
Associations between digestible carbohydrates in early and late pregnancy in relation to the relative fat mass of offspring as measured by dual-energy X-ray absorptiometry 24 h after delivery and the magnitude of the association was further strengthened in those women who had 2-h glucose values $7.8 mmol/L.
DISCUSSION
In a secondary analysis of obese pregnant women participating in a randomized controlled trial, we observed that maternal intake of digestible carbohydrates in late, but not early, pregnancy was positively associated with the offspring's relative fat mass 24 h after birth. The observed difference in the offspring's relative fat mass in mothers in the lowest compared with those in the highest quartile of daily carbohydrate intake was 2%, which is substantial considering that the mean relative fat mass in the offspring was 11%. As expected, this association was modified by maternal 2-h glucose concentration, with larger effect estimates observed with greater glucose intolerance.
To put our findings into perspective, offspring of the obese mothers participating in this study were previously compared with those of normal-weight mothers (17) , and a mean difference of 3% in relative fat mass was observed. In the same study, a 10-kg higher gestational weight gain corresponded to approximately a 2% higher value in the offspring's relative fat mass. Relevant to our findings, it is important to emphasize that, in contrast with clinical measures such as prepregnancy weight and gestational weight gain, which are difficult to modify in the short term (14) , improving the quality and/or reducing the amount of carbohydrate intake in late pregnancy should be easier to achieve.
We observed relatively comparable results regarding the intake of digestible carbohydrates, GI, and GL on total fat and abdominal fat mass in offspring. Intuitively, one would expect considerably stronger associations for GI and GL because higher measures in these indexes would reflect poorer carbohydrate quality and higher blood glucose. We suspect that the comparable results for the offspring's fat mass in our study simply reflect a lack of variation in the quality of carbohydrates consumed in our population. Thus, the median intake (10th-90th percentiles) of added sugar in our study population in late gestation was only (26) . In addition, TABLE 3 Adjusted associations between digestible carbohydrates, glycemic index, and glycemic load in late pregnancy (weeks 36-37) in relation to absolute total weight and lean and fat mass in the offspring as measured by dual-energy X-ray absorptiometry after delivery (mean age: 24 h) quantification of GI and GL relies on empirical values for glucose response when challenged with individual foods, and these measures are subject to considerable measurement uncertainty and between-person variation (27, 28) .
Results in relation to other studies
In a study from Cleveland, Ohio, of 76 neonates of overweight/ obese women and 144 neonates of normal-weight women, it was concluded that gestational weight gain and the result of the glucose tolerance screening, even if the value was below the abnormal threshold, influenced the fat mass of the newborns of the obese women (29) . Analyses of the data from the HAPO study confirmed this finding, and it was even concluded that the combination of perinatal risk factors such as obesity and GDM had a greater effect than did either factor alone (10) . Neither study, however, explicitly examined diet. On the basis of our findings, diet quality should perhaps be given more attention in the clinical setting in combination with results from glucose tolerance screening and not just in women who pass the threshold for the diagnosis of GDM.
Intervention studies focusing on diet have in some (11, 30) , but not all (13, 14) , cases shown that improved carbohydrate quality (i.e., low GI) during pregnancy can reduce the risk of having an infant with a high birth weight. However, a large randomized controlled study (14) of 800 nondiabetic overweight women (mean prepregnancy BMI: w27), who previously delivered an infant weighing .4 kg, found no reduction in the risk of having an infant with a high birth weight when a low-GI diet was advocated from the beginning of pregnancy. Inconsistent results from these intervention studies likely reflect different levels of compliance, particularly when an effort is made to achieve major lifestyle changes throughout the whole period of pregnancy. As a supplement to dietary intervention studies focusing on fetal overgrowth in predisposed subjects, the observational approach in our study highlighted the importance of the interaction between diet and glucose metabolism and the timing of exposure.
Strengths and limitations
The main strength of our study was the use of DXA method for determining newborn body composition. The method has been validated and is reliable for estimating total fat mass and total fatfree mass (31) . The measurement of abdominal fat mass is more uncertain, but it is still an advantage that DXA can be used to assess regional body composition, as abdominal fat deposition is suspected to be related to long-term implications for the offspring. Another strength is the relatively homogenous study population in terms of prepregnancy BMI and ethnicity (15) , which should reduce the risk of bias. However, at the same time, the composition of our study population confines the external validity of our results to obese pregnant women.
Examining a lifestyle intervention in an observational setting has both strengths and weaknesses. During the intervention, women in the dietary intervention group significantly lowered their intakes of added sugars and SFAs and increased their protein intake by w1% of total energy compared with control subjects, whereas no differences in total energy intake were observed between the 2 groups (32). The intervention therefore resulted in greater variation in dietary intake at the end of pregnancy than would have been expected in a pure observational setting, which can be regarded as a strength in terms of study design. On the other hand, it cannot be excluded that other attributes of the intervention-including physical activity or other dietary changesmay have contributed to our findings. However, adjustment for the intervention groups in our analyses had minimal influence on our effect estimates, and nonsignificant differences were observed in the offspring's fat mass in the 2 intervention groups (P . 0.20 in both cases; data not shown) compared with the control subjects (17) .
We used a validated FFQ for the dietary assessment, which is not very precise in terms of estimating absolute intakes, and this should be taken into consideration when interpreting our findings. Compared with other assessment methods, such as dietary recalls or records, FFQs more appropriately reflect intakes over longer periods of time and better rank individuals in terms of high and low intakes, which is important when examining associations with outcomes such as offspring body composition. However, underreporting of unhealthy food items such as sweets and soft drinks is to be expected (33) , which may attenuate the association between measures of carbohydrate intake and anthropometric measures in offspring.
Implications
Preventive strategies for childhood obesity and identification of which women might benefit from intervention during pregnancy are needed. Exposure to hyperglycemia in the third trimester is a well-known modifiable risk factor for neonatal fat mass, especially in obese mothers. In this study we assessed the relevance of maternal carbohydrate intake on anthropometric measures in the offspring and its interaction with glucose tolerance. Our results suggest that a reduction in carbohydrate intake to moderate levels in late pregnancy is associated with a lower fat percentage at birth in the offspring of obese women with glucose intolerance, even if the 2-h OGTT value is below the threshold for the diagnosis of GDM.
